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This study presents the effects of substitution of Zn2þ for Co2þ at low concentrations and the effects
of temperature variations on the structural, magnetic, and magnetostrictive properties of cobalt
ferrite. Although the Zn-substituted cobalt ferrite samples, Co1xZnxFe2O4 (x¼ 0.02, 0.04, 0.06,
0.09, and 0.17) did not show observable changes in crystal structure, the magnetic and
magnetostrictive properties were strongly affected. The variation in magnetic susceptibility with
composition can be related to the variations in magnetization, coercive field and magnetocrystalline
anisotropy. The changes in coercive field were found to be primarily due to the variations in the
magnetocrystalline anisotropy. The effect of magnetocrystalline anisotropy on magnetization was
stronger at lower cation concentration than at higher concentrations. The decrease in magnetization
around 150K is attributed to the high magnetocrystalline anisotropy at low temperatures which
prevented the maximum applied field of 4 MA/m from causing the saturation of magnetization in
the samples. Because the magnetocrystalline anisotropy was determined with the magnetization data
using the Law of Approach to saturation magnetization, the reliability of the result was found to
decrease with decrease in temperature. Peak-to-peak magnetostriction amplitude and the strain
sensitivity decreased with increase in Zn substitution.VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4804963]
INTRODUCTION
Spinel ferrites are magnetic oxides possessing the crys-
tal structure of the mineral MgAl2O4. Spinels based on
cobalt ferrite are particularly attractive because of the prop-
erties of cobalt ferrite such as high magnetocrystalline
anisotropy, high magnetostriction, and tunable strain sensi-
tivity. These properties are distinct from those of magnetite
because of the strong effect of the unquenched orbital mag-
netic moment of Co2þ when it is substituted for Fe2þ in mag-
netite (FeOFe2O3). Being an oxide, the chemical and thermal
stability of materials based on cobalt ferrite are also attrac-
tive from application perspectives. Perhaps one of the most
interesting characteristics of cobalt ferrite is that the spinel
crystal lattice offers the ability to tailor its properties for
applications by cation substitution. Different cations have
been substituted in the past including Mn, Ga, Al, Ge, Cr,
Tb, Dy, Zn, etc.1–8 In studies on cation substituted cobalt
ferrite, cations are often substituted for iron but in this study,
Zn is substituted for cobalt. Zn-doped cobalt ferrite has
been investigated for applications such as antibacterial,
electrical/thermoelectric, recording media, magnetic, and
magnetoelastic.7,9–11 Although different investigators have
studied the effect of Zn substitution on the properties of
cobalt ferrite, those studies were mostly concerned with
changes in properties at ambient temperatures. Since it is
often desirable in applications that materials operate under
varying temperature conditions, the present study focuses
on the temperature dependence of the magnetic and magne-
tostrictive properties of Zn substituted cobalt ferrite
Co1xZnxFe2O4 (x¼ 0.02, 0.04, 0.06, 0.09, and 0.17). Low
concentration of Zn substituted for Co is desirable as it has
been shown in previous studies that some desirable proper-
ties deteriorate when high concentrations of non-magnetic
cations are substituted into cobalt ferrite.3,12,13
EXPERIMENTAL DETAILS
Sample synthesis and pelletizing
Samples were prepared by auto-combustion method
using Co(NO3)2.6H2O, Fe(NO3)2.9H2O, Zn(NO3)2.6H20,
and NH2CH2COOH as precursors. The chemical precursors
were thoroughly mixed in their appropriate ratios and heated
to evaporate the water and to encourage auto-ignition of the
mixture. The resulting powders were calcined at 800 C for
3 h before being compacted into pellets which were sintered
at 1300 C for 12 h in air. The auto-combustion method is
advantageous in preparing high purity and homogenous sin-
gle phase cobalt ferrite samples.7
Structural and magnetic characterization
The crystal structures and microstructures of the sam-
ples were studied using x-ray diffractometry (XRD) and
scanning electron microscopy (SEM), respectively. Sample
compositions were verified by energy dispersive x-ray spec-
troscopy (EDX). A SQUID magnetometer was used to study
the magnetic properties at 50K, 150K, 250K, and 300K,
with magnetic field applied up to H¼ 4 MA/m. To determine
the effect of cation variations and temperature changes on
the magnetocrystalline anisotropy, the Law of Approach to
saturation magnetization was used. In using this law, it was
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assumed that domain processes in the region where magnet-
ization approached saturation is mainly controlled by the
work done by the applied magnetic field against anisotropy.
The magnetization (M) data above l0H¼ 1 T were fitted to
the law of approach equation for randomly oriented poly-
crystalline materials shown in Eq. (1), in order to calculate
the magnetocrystalline anisotropy coefficient, K1,
M ¼ Ms 1 8
105
K21
l0M2s H
2
 
þ jH; (1)
where Ms, H, and l0 are the saturation magnetization,
applied magnetic field, and permeability of free space
respectively. jH is the forced magnetization term which is
the increase in spontaneous magnetization at high applied
field. Magnetostriction was measured on cylindrical samples
of nominal diameter 9.46 0.1mm and height 2.25
6 0.25mm with strain measured in the direction of applied
magnetic field using resistive strain gauges. The strain deriv-
ative, (dkdHÞ , was obtained by differentiating the magnetostric-
tion plots as a function of the applied magnetic field.
RESULTS AND DISCUSSION
Composition and structural properties
EDX analysis showed that the Co1xZnxFe2O4 samples
studied have x¼ 0, 0.02, 0.04, 0.06, 0.09, and 0.17. This
study therefore investigates the changes in properties due to
low Zn2þ substitution for Co2þ in cobalt ferrite. This is im-
portant especially for magnetostrictive applications where
high concentrations of substituted cations are known to de-
grade both strain sensitivity and magnetostriction ampli-
tudes.14 The EDX technique is not sufficiently sensitive to
oxygen therefore in this study, only the concentrations of the
cations in the samples were obtained. Oxygen concentrations
are assumed to be as in stoichiometric compositions because
the samples were sintered in air.
The scanning electron micrographs of the samples are
shown in Fig. 1. The uniformity in the contrasts of the micro-
graphs is indicative of single phase compositions. This also
agrees with the observation in the x-ray diffraction result in
Fig. 2. It can also be seen that, on the average, the grain sizes
of the samples are comparable.
FIG. 1. Scanning electron micrographs
of the Zn-substituted cobalt ferrite sam-
ples, Co1xZnxFe2O4.
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The x-ray diffraction patterns in Fig. 2 show only peaks
consistent with the spinel phase at all compositions.
Therefore, no other phases were observed. The lattice para-
mter (a) was determined using the relation,
a ¼ dhkl
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h2 þ k2 þ l2
p
; (2)
d is the interplanar spacing determined for the (hkl) planes.
The lattice parameters were in the range 8.38 6 0.5%. This
is in agreement with the observation in x-ray diffraction
because there is no observable shift in the 2h positions of the
peaks between one sample and the other. In spinel cobalt
ferrite, Co2þ has stronger preference for the octahedral sites
(B-sites), although some Co2þ ions also occupy the tetrahe-
dral sites (A-sites) making cobalt ferrite a partially inverse
spinel material. Since Zn2þ is known to have strong tetrahe-
dral site preference, one would expect that Zn2þ would sub-
stitute for Co2þ in the tetrahedral site. The ionic radii of
Zn2þ (0.6 A˚) and Co2þ (0.58 A˚) in the A-sites are compara-
ble. Therefore, substitution of Zn2þ for Co2þ especially at
very low concentrations, as in the present study, would not
be expected to affect the crystal structure. This is consistent
with our observations.
Magnetic properties
Fig. 3 shows the magnetization vs applied magnetic field
plots obtained for the samples from 50K to 300K. At all
measurement temperatures, it can be seen that magnetization
increased as the concentration of Zn in the Co1xZnxFe2O4
samples increased. Due to antiparallel coupling between
the magnetic moments of cations on the tetrahedral sites
(A-sites) and the octahedral sites (B-sites) in spinel ferrites,
the net magnetization (M) is given by M ¼ PmBsites
PmAsites. PmAsites and PmBsites are the contributions
to the net magnetization from cations on the A-sites and
B-sites, respectively. Since Zn2þ and Cd2þ are the two cati-
ons with strongest preference for the A-sites,15,16 it is
FIG. 2. X-ray diffraction patterns of the Co1xZnxFe2O4 samples (x¼ 0.02,
0.04, 0.06, 0.09, and 0.17).
FIG. 3. 1st quadrant magnetization vs magnetic field plots of the Co1xZnxFe2O4 (x¼ 0, 0.02, 0.04, 0.06, 0.09, and 0.17) samples measured at 50 to 300K.
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expected that in the samples studied, Zn will substitute into
the A-sites. Zn has no net magnetic moment and therefore
substituting into the A-sites would result in lower
P
mAsites
such that the net magnetization M ¼ PmBsites PmAsites
increases with Zn substitution. Moreover, Zn substitution into
A-sites may result in the displacement of magnetic Co and Fe
cations from the A-sites to the B-sites such that
P
mBsites
increases and consequently leads to increase in net magnetiza-
tion with Zn substitution as observed in this study. It is possi-
ble that at lower Zn concentrations, only the effect of lowP
mAsites contributed to the variation in magnetization but at
higher concentrations, the effect of the displacement of Co2þ
into the B-sites also contributed. Hence only a slight variation
in magnetization was observed at x¼ 0 to 0.04 but stronger
variations were observed for x> 0.04.
The temperature and compositional dependence of the
maximum magnetization measured at 4 MA/m are, respec-
tively, shown in Figs. 4(a) and 4(b). The maximum magnet-
ization is hereafter represented with Ms. In Fig. 4(a), Ms of
the samples x¼ 0 and x¼ 0.02 are comparable at all
measurement temperatures. This observation is especially
useful in applications where it is desirable to achieve compa-
rable magnetization to that of the un-substituted sample
while being able to adjust the other properties. For all the
compositions studied (except at x¼ 0.17) as the temperature
increased from 50K, the Ms also increased, reached a
maximum at 150K and decreased at higher measurement
temperatures. Consequently in Fig. 4(b), the lowest Ms of
all compositions was obtained for samples studied at 300K.
In previous studies on CoMnxFe2xO4, CoGaxFe2xO4, and
Co1þxGexFe22xO4, this trend in which Ms is a maximum
around 150K was observed up to x¼ 0.2 (Refs. 1, 17, and
18). In those studies, for x> 0.2, Ms decreased continuously
with increase in temperature while in the present study, it
decreased continuously only for the sample with Zn
concentration of x¼ 0.17. Although in CoAlxFe2xO4, theMs
decreased continuously for all concentrations studied,19 it is
noticeable in that study that the effect is stronger at lower
concentrations of substituted cation than at high concentra-
tions, similar to the observation in the present study at
x¼ 0.17. It is noteworthy that in the previous studies,1,17–19
cations were substituted for only Fe3þ in CoMnxFe2xO4,
CoGaxFe2xO4 and CoAlxFe2xO4, for Fe
3þ and Co2þ
in Co1þxGexFe22xO4 and for only Co
2þ in the present
study (Co1xZnxFe2O4). This shows that substitution of non-
magnetic cations at lower concentrations gave a maximum
Ms around 150K but at higher concentration it decreased con-
tinuously irrespective of which cation (Co2þ or Fe3þ or both)
was substituted in cobalt ferrite.
The observed decrease in magnetization between 150K
and 50K can be explained on the basis of the dependence of
the measured magnetization on the competition between the
thermal and anisotropy energies during the magnetization
process. Thermal energy results in the disordering of the
alignment of the magnetic moments thus acting against the
work done by the magnetic energy (due to the applied mag-
netic field) in aligning the moments. This gives rise to lower
magnetization. At lower temperatures, the effect of thermal
energy in lowering the magnetization is reduced.
Consequently it would be expected that in materials such as
cobalt ferrite, any applied magnetic field strength will produce
higher magnetization at lower temperatures than at higher
temperatures as observed in all the samples from 300K to
150K. Magnetocrystalline anisotropy on the other hand tends
to align the magnetic moments along the closest easy magnet-
ization directions. This lowers the measured magnetization
because part of the applied magnetic field during magnetiza-
tion is used to overcome the anisotropy field. The lower mag-
netization observed between 150K and 50K arises because
the anisotropy field increased as the measurement temperature
decreased. As a result the maximum applied magnetic field of
H¼ 4 MA/m is not sufficient to cause an increase in the mag-
netization of the samples with concentrations x¼ 0 to
x¼ 0.09, at those temperatures. A study on single crystal
un-substituted cobalt ferrite suggests that this increase in ani-
sotropy is due to the significant increase in the second order
cubic magnetocrystalline anisotropy coefficient (K2) around
150K.20 Substitution of a non-magnetic cation into cobalt fer-
rite is known to lower the magnetocrystalline anisotropy,
especially at higher cation concentrations.14,17 Therefore, as
FIG. 4. (a) Temperature dependence of saturation magnetization of the Co1xZnxFe2O4 (x¼ 0, 0.02, 0.04, 0.06, 0.09, and 0.17) (b) compositional dependence
of saturation magnetization at different Zn concentrations.
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cation concentration increased, the applied magnetic field
became more effective in increasing the magnetization
because it had less work to do against the anisotropy.
Consequently in this study, at x¼ 0.17, the magnetization
decreased continuously with increase in the measurement
temperature from 50-300K.
In Fig. 5(a), the coercive field decreased with the mea-
surement temperature for all compositions. The decrease in
coercive field indicates an increase in magnetic susceptibil-
ity. Both microstructural inhomogeneities serving as pinning
points during magnetization and magnetocrystalline anisot-
ropy will affect susceptibility. The observed decrease in co-
ercive field in Fig. 5(a) is more likely to be due to decrease
in magnetocrystalline anisotropy as temperature increased.
At higher temperatures, thermal energy is more effective
in reducing the effects of magnetocrystalline anisotropy
energy. This would result in the increase in magnetic
susceptibility and consequent decrease in coercive field. The
observation in this study is similar to the ones obtained for
CoMnxFe2xO4, CoGaxFe2xO4 and CoAlxFe2-xO4.
1,18,19 In
Fig. 5(b), a similar trend in the variation of coercive field
with x is obtained for all the samples. The decrease in coer-
cive field with composition is consistent with the fact that
substitution of non-magnetic cation results in a decrease in
magnetocrystalline anisotropy which would also result in an
increase in susceptibility.
Fig. 6 shows the plot of the magnetic susceptibility at
300K as a function of Zn concentration in cobalt ferrite.
Magnetic susceptibility is a measure of the response of the
magnetization to the applied magnetic field. Both the maxi-
mum differential susceptibility vi ¼ dMdH
 
and the initial sus-
ceptibility vin ¼ MH
 
M!0;H!0
	 

increased as the concentration
of Zn increased. As expected, comparing Fig. 6 with the coer-
cive field data obtained at 300K in Fig. 5(b), a correlation
could be seen in which coercive field increases when suscepti-
bility decreases and vice versa.
Fig. 7(a) shows the calculated changes in the first cubic
magnetocrystalline anisotropy coefficient (K1) of the samples
with temperature based on the measured magnetization
curves. K1 increased from 300K to 250K. The observed
decrease in K1 from 150K to 50K for x¼ 0 to 0.09 and at
50 K for x¼ 0.17 does not agree with the expectation that
anisotropy is higher at lower temperatures due to reduced
thermal effects. An increase in K1 with decreasing tempera-
ture was not observed because around 150K, magnetocrys-
talline anisotropy may have become sufficiently high
so that the applied magnetic field of H¼ 4 MA/m was
insufficient to drive the magnetization to saturation.
Consequently, estimating K1 with the same magnetization
data would affect the accuracy of K1. Therefore in Fig.
7(a), the data points for 150K and 50K are plotted with
open symbols for compositions x¼ 0 to x¼ 0.09. This indi-
cates that the changes in magnetocrystalline anisotropy at
those temperatures and compositions are only “apparent” as
distinct from the solid symbols used for 250K and 300K
(temperatures at which the data are expected to be more
accurate). While decrease in temperature tends to increase
the magnetocrystalline anisotropy coefficient, increase in
the concentration of the substituted cation tends to decrease
it. Therefore at x¼ 0.17, the effect of substitution may have
dominated the effect of lower temperature such that the
FIG. 5. Variation of coercive field of the samples with (a) temperature (b) composition.
FIG. 6. Maximum differential susceptibilities (black circles) and initial
susceptibilities (red circles) of the samples at 300K plotted as a function of
Zn concentration.
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decrease in magnetocrystalline anisotropy was observed
only at T¼ 50K instead of at 150K. It is interesting to
observe in Fig. 7(b) that at 300 K, the trend observed in the
variation of K1 with composition is similar to the trend of
variation of coercive field with composition (Fig. 5(b))
which is what would be expected if the variation in coer-
cive field was dominated by the variations in the magneto-
crystalline anisotropy. Comparing Fig. 7(b) to Fig. 6, it can
be seen that magnetic susceptibility is inversely related to
magnetocrystalline anisotropy, as expected. The K1 values
obtained in this study at 300 K for all compositions are
comparable to those obtained from theoretical calculations
and experimental studies on un-substituted cobalt ferrite at
300K.21–23 This is because, the concentration of Zn in the
samples studied here is low and consequently, a moderate
variation of K1 with composition is obtained.
Magnetostrictive properties
Magnetostriction curves of the samples measured at am-
bient conditions are plotted as a function of applied magnetic
field in Fig. 8. The magnetostriction plot obtained at x¼ 0 is
comparable to values often reported for un-substituted cobalt
ferrite. As in previous studies, substitution of non-magnetic
cations decreased the magnetostriction amplitudes. It is
known that high magnetostriction in materials based on
cobalt ferrite is mainly due to the Co2þ in the octahedral site
of the crystal lattice. Substituting Co2þ with Zn2þ decreases
the concentration of Co2þ and would therefore be expected
to decrease the magnetostriction amplitudes compared to the
un-substituted samples. Moreover, substitution of non-
magnetic cation such as Zn weakens the exchange coupling
and would affect the peak-to-peak magnetostriction ampli-
tude as observed here.
The strain derivatives of the samples are plotted as a
function of the applied magnetic field in Fig. 9. The strain
derivative obtained at x¼ 0 is lower than that reported for
un-substituted cobalt ferrite in previous studies13,14,24 but
comparable to that reported in another study.7 This may be
related to the processing conditions. It has been experimen-
tally shown that magnetostrictive properties of materials
derived from cobalt ferrite, including the strain derivatives,
are dependent on processing conditions.25–27 In another
study,28 it was suggested that an enhancement of 200% in
strain sensitivity may be due to non-stoichiometry which can
also be related to the processing conditions. Therefore it is
important to discuss the effect of Zn-substitution on the
strain derivative of the samples with respect to the un-
substituted sample in the present study (i.e., x¼ 0).
Although Zn-substitution resulted in lower strain deriva-
tive compared to the sample x¼ 0, the strain derivatives
obtained for the substituted samples are comparable. Strain
derivative is often enhanced at low cation concentration but
decreases at higher concentrations.3,7,13,14 Some exceptions
are Ga-substitution12 for which strain derivative was
enhanced at relatively higher Ga concentration (x¼ 0.4 at
300K) and Mg-substitution24 for which strain derivative
decreased with Mg substitution. In those studies, Ga and Mg
were substituted for Fe. In the present study, low Zn concen-
tration did not result in enhanced strain derivative and may
be due to Zn2þ being substituted for Co2þ which is known to
be responsible for the high magnetostrictive properties in
FIG. 7. (a) Temperature dependence of magnetocrystalline anisotropy coefficient (b) Variation of magnetocrystalline anisotropy coefficient with composition
at 300K.
FIG. 8. Variation in magnetostriction with magnetic field for the
Co1xZnxFe2O4 samples (x¼ 0, 0.02, 0.04, 0.06, 0.09, and 0.17) obtained at
ambient conditions.
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cobalt ferrite materials. In a similar study7 for which Zn2þ
was substituted for Fe3þ, strain derivative was enhanced at
lower concentration of Zn2þ but decreased afterwards.
CONCLUSION
The effects of temperature and composition dependence
of Co1xZnxFe2O4 samples (x¼ 0, 0.02, 0.04, 0.06, 0.09,
and 0.17) on the structural, magnetic, and magnetostrictive
properties have been studied from 50 to 300K. No observ-
able changes in the crystal structure were observed. At all
temperatures, magnetization increased with x indicating
A-site Zn substitution. In samples x¼ 0 to 0.09, high mag-
netocrystalline anisotropy prevented complete approach to
saturation magnetization in the samples such that measured
magnetization was at a maximum around 150K. At Zn con-
centration x¼ 0.17, maximum magnetization obtained at
4 MA/m decreased continuously with temperature. An
inverse relation was seen between magnetic susceptibility
and coercive field while a direct relationship was seen
between coercive field and magnetocrystalline anisotropy
coefficient. Zn substitution resulted in the decrease in peak-
to-peak magnetostriction amplitude and strain derivative of
the samples. Results have clearly demonstrated the ability to
tune the properties of cobalt ferrite by substitution of Zn at
low concentrations.
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